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Abstract: We analyze properties of non-supersymmetric isometry-preserving pertur- 
bations to the infrared region of the warped deformed conifold, i.e. the Klebanov- 
Strassler solution. We discuss both perturbations that "squash" the geometry, so 
that the internal space is no longer conformally Calabi-Yau, and perturbations that 
do not squash the geometry. Among the perturbations that we discuss is the so- 
lution that describes the linearized near-tip backreaction of a smeared collection of 
D3-branes positioned in the deep infrared. Such a configuration is a candidate gravity 
dual of a non-supersymmetric state in a large-rank cascading gauge theory. Although 
D3-branes do not directly couple to the 3-form flux, we argue that, due to the pres- 
ence of the background imaginary self-dual flux, D3-branes in the Klebanov-Strassler 
geometry necessarily produce singular non-imaginary self-dual flux. Moreover, since 
conformally Calabi-Yau geometries cannot be supported by non-imaginary self-dual 
flux, the D3-branes squash the geometry as our explicit solution shows. We also briefly 
discuss supersymmetry-breaking perturbations at large radii and the effect of the non- 
supersymmetric perturbations on the gravitino mass. 
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1. Introduction 

Among the challenges in connecting string theory to our observable universe is the 
difficulty in constructing controllable supersymmetry-breaking backgrounds. While 
supersymmetry (SUSY) breaking is a prerequisite in any phenomenological study of 
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four-dimensional supersymmetric theories, the myriad of string theory moduli makes 
this a formidable task. Unless all moduli are stabilized at a hierarchically higher scale 
than the scale of SUSY breaking, one generically finds runaway directions that desta- 
bilize the vacuum, taking us away from the controllable background which describes 
the original supersymmetric state. 

On top of this challenge, the observational evidence of an accelerating universe 
adds yet another layer of complication: in addition to the requirement that the SUSY- 
breaking background be (meta) stable, viable vacua must also have positive energy 
density. Motivated by this cosmological consideration, several mechanisms to "uplift" 
the vacuum energy of string vacua have since been suggested, e.g., by adding D3- 
branes H, by introducing D-terms from gauge fluxes [||], or by considering negatively 
curved internal spaces [0, |, |, [| (see also [[7|, §, []]). Though these mechanisms are 
often discussed in terms of 4D effective field theories, it is of interest for a variety 
of reasons discussed below to find backreacted supergravity solutions including such 
uplifting sources as full 10D backgrounds. 

In this paper, we report on some properties of non-supersymmetric perturbations 
to the Klebanov-Strassler (KS) solution fllPf , a prototypical warped supersymmetric 
background which is dual to a cascading SU(N + M) x SU(N) gauge theory in the 
strong 't Hooft limit, and is ubiquitous in flux compactifications and in describing mod- 
uli stabilization. The backreaction of a collection of D3-branes placed at the tip of the 
deformed conifold should be describable by such perturbations. Such a configuration 
is known to be metastable against brane/flux annihilation provided that the number 
of D3-branes is sufficiently small in comparison to the background flux [nj. Though 
further instabilities generically arise upon compactification when the closed string de- 
grees of freedom become dynamical and further stabilization mechanisms (e.g., fluxes, 
non-perturbative effects, etc) are needed, this local construction represents progress 
towards a genuine metastable SUSY-breaking background. Other than being an es- 
sential feature in for vacuum uplifting to de Sitter space, the warped D3 tension 
introduces an exponentially small supersymmetry breaking scale which can be useful 
for describing hidden sector dynamics (both in dimensionally reduced theories and in 
their holographic descriptions). 

Although we are interested especially in modes related to D3-branes, the analysis 
with more general modes brings us interesting features for the classification of near-tip 
perturbations. We analyze perturbations that are either singular or regular and those 
that either do or do not "squash" the geometry (i.e. those that do or do not leave 
the internal geometry as conformally the deformed conifold) in accordance with the 
equations of motion. We also identify which modes can break supersymmetry. The 
mode related to D3s at the tip should have singular behavior, at least in the warp 
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factor, in order to capture the localized tension. We show below however that the only 
singular, non-squashed, non-SUSY mode corresponds to a point source for the dilaton, 
and thus cannot be identified as an D3-brane. Furthermore, the squashed backreaction 
of an D3-brane is supported by a 3-form flux that is no longer imaginary self-dual (ISD). 



The fact that an D3-brane squashes the geometry was observed in [T2| where the D3- 
brane backreaction was studied in the Klebanov-Tseytlin (KT) region [13 1 . However, 
due to the decreased complexity of the geometry, the squashing of the geometry in |l2|] 
is less dramatic than the squashing in the near-tip region. Likewise, the resulting non- 
ISD flux near the tip is more complex than the non-ISD flux supporting the solution 



of [12]. We also discuss these issues in the KT region. 



Other than the consideration of D3-branes, the existence of non-SUSY fluxes is 



interesting to consider for many reasons. It is well known (see for example |Tj, [15 



Tq , |r7| ) that such non-SUSY fluxes can give rise to soft SUSY-breaking terms in 4D 
effective theories. Additionally, non-SUSY fluxes can play an important role in the 
context of D-brane inflation 1 . While the deformed conifold can support certain non- 
SUSY fluxes (at least to the level of approximation at which we work), we show below 
that in order to have any non-ISD flux, the geometry must be squashed so that it is no 
longer Calabi-Yau. 

Perturbations to the KS solution appear in many other places in the literature 
(and indeed most of our solutions have appeared elsewhere though previously none 
had been identified as describing the presence of D3-branes). Using an alternative 
parametrization p4| , [25| of the ansatz that we present below, the linearized equations 
of motion for perturbations to the KS geometry have been written elsewhere as a system 
of coupled first order equations, solutions for which can be written formally in terms 
of integrals E7[. Although writing the equations of motion in this way can be 



convenient, we choose to work directly with the linearized second order equations. The 
second derivative equations were also directly solved in |]28| , p9| , though we relax some 
of the assumptions made in those references. Analysis of perturbations to KS also arise 
in studies of the glueball spectrum of the dual theory []30], |3J], |3~2"f . 

There are several other reasons why we are interested in analyzing non-SUSY per- 
turbations to the near-tip region of KS. First of all, being closest to the source of SUSY 
breaking, this is the region where the supergravity fields are most affected. More- 
over, as is common in warped compactification, the wavefunctions of non-zero modes 
(e.g. the gravitino after SUSY breaking) tend to peak in the tip region. Thus, our 
perturbative solutions are useful in determining the low energy couplings (including 
soft masses) in the 4D effective action involving these infrared localized fields. Addi- 



1 For recent reviews, see, e.g., Q pjl gfl, Bjl 
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tionally, as discussed in a companion paper ]33]], the backreacted D3 solution in the 
near tip region provides a holographic dual of gauge mediation in a different parameter 
space regime from that of |34j|. As a result, strongly coupled messengers (and not only 
weakly coupled mesonic bound states) of the hidden sector gauge group can contribute 
significantly to visible sector soft terms. Given the aforementioned applications, it is 
of importance for us to consider warped geometries which are infrared smooth 2 before 
perturbations. Since we are focusing on the near tip region, our starting point is the KS 
solution which provides a more accurate description at small radius than KT. Although 
the KT background correctly reproduces the cascading behavior of the field theory, it 
becomes singular in the IR where the effective D3 charge (which is dual to the scale 
dependent effective 't Hooft coupling) becomes negative and the cascade must end. The 
appropriate IR modification is the KS solution which is built on the deformed conifold 
so that the solution is smooth even in the IR. 

This paper is organized as follows. In Section 0, we discuss our solution ansatz 
and express the KS solutions in accordance with this ansatz. In Section ||, we examine 
singular perturbations to the warped deformed conifold and describe how we obtain the 
perturbative solution corresponding to placing a D3-brane point source in the warped 
deformed conifold. We also clarify that solutions where the internal space is unsquashed 
should satisfy the ISD condition and cannot describe the backreaction of an D3-brane. 
In Section |J we present regular solutions which also break supersymmetry, but do not 
correspond to the backreaction of a localized source. In Section |^, we present solutions 
in the KT region, both with and without the ISD condition imposed. We calculate 
the gravitino mass in these SUSY-breaking warped backgrounds in Section |6| and end 
with some discussions in Section [F[ Some useful details about our conventions and the 
complex coordinates of KS are relegated to the appendices. 

We note that after the completion of this paper, another preprint |37| that addresses 
the question of adding D3-branes to the geometry was made available. Our treatment 
of the D3-brane differs from |37| by the boundary conditions imposed in the IR 3 as 



elaborated in Sec 3.4 



2 By this we mean that, at least before the addition of 3-branes, the warp factor approaches a 
constant, or, equivalently, the (minimal surface) dual Wilson loop |3^, 36 has a finite tension. 

3 Additionally, the equations of motion in J37j are formally solved for all radii and would thus be 
useful for further analysis connecting the IR and UV regions. 
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2. Supergravity ansatz 



In this section we give the ansatz that we will use for the metric and other fields, 
working in the Einstein frame of IIB supergravity. Our conventions are presented 
in Appendix [A[ Since we are considering perturbations to the KS solution \W\ (see 



also ||381), our ansatz will be based on that solution. In particular, since we are looking 
for perturbations that preserve the isometry of KS, we take the metric 

ds 2 =h~% (r)dxl + hh (r)ds 2 6 , (2.1a) 
dsl =p{r)dr 2 + b(r)g 2 + q{r){g* + g\) + s{r){g\ + g 2 2 ), (2.1b) 

where r is the radial coordinate and where the angular one-forms gi are reviewed in 
Appendix [A|. This metric ansatz includes the warped deformed conifold as a special case 
by a certain choice of p, b, q, and s presented in the next section. For the axiodilaton 
we take 

$ =$( r ) (7 = 0, (2.2a) 

while for the fluxes, 

q s Ma' . „. . , . . . 

B 2 =-^~ [f(r)9i Ag 2 + k{r)g 3 A g 4 ] , 

„ Ma' r/ 

^3 =— [(1 " F(r))g 5 Ag 3 Ag A + F(r)g 5 A g x A g 2 

+F'(r)dr A { gi A g 3 + g 2 A g 4 )] , 

i ? 5=(l + *io)^5, 
a M 2 a' 2 

F?>=— A i{r)giAg 2 Ag 3 Ag A Ag 5 . (2.2b) 

These choices of fluxes respect the isometries of the deformed conifold and satisfy the 
Bianchi identities 

dF 3 = 0, dH 3 = 0. (2.3) 

2.1 Klebanov-Strassler solution and its expansion near the tip 

The KS solution 0] corresponds to placing M fractional D3-branes at a deformed con- 



fiold point (i.e. wrapping M D5-branes around the collapsing two-cycle) and smearing 
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these branes over the finite S 3 . It is recovered by the choice 

t cosh r — sinh r r cosh r — sinh r sinh r — r 

Jks{t)= — ; 2/ /0 n — > k K s{r) = — . 2 — , F ks {t) = — — , 

4 cosh (r/2) 4 sinh (r/2) 2 sinh r 

4rs(r) =/k-s(1 - ^s) + k KS F KS , 

£ 4/3 £ 4/3 r 

Pxs(r) =&*s(t) = g^J, = -g-tfOO cosh 2 -, (2.4) 

£ 4/3 r 

Sks(t) =— fT(r) sinh 2 -, 
$(r) = log^, ^s(r) = (^McO^fe-i/Cr), 

r „ x (sinh(2r) - 2r) 1/3 w , Z" 00 , arcothx-l, . , rt 1 , rt 

X(r) =^ 775— — - — , I(t)= dx 5 sinh2x-2x3, 2.5 

V ; 2 1 /3 s i n hr J T smh 2 x V ' V ' 

where Iks is determined by requiring T% — B% A F3, which ensures that the solution 
is regular. However, if a regular D3-brane is added to the geometry, then t must have 
an additional constant part. This introduces a r _1 part to the warp factor and the 
solution becomes singular. On the field theory side, this corresponds to the loss of 
confinement. 

We ar[e interested in solving for perturbations to the KS background. Since the 
geometry is already relatively complicated, we will consider perturbations to the ge- 
ometry as a power expansion about r = 0. It is therefore useful to to note the series 
solutions for the KS solution near the tip, 

r 3 r 5 17r 7 31r 9 691r n 

* KS ~ 12 ~ 80 + 10080 ~ 145152 + 26611200 + " ' ' 

r r 3 r 5 r 7 r 9 

KS ~ 3 + 180 " 5040 + 151200 ~ 4790016 + " ' ' 

— - — 3l7 " 6 127t8 73r 10 
KS ~ 12 720 + 30240 1209600 + 6842880 + " ' ' ^ ' & ' 



for the three-form fields, and 
Pks = b K s 



4/3 £ 4/3 r 2 £ 4/3 T 4 



2 2/3 31/3 2 2 2 / 3 3V3 10 2 2 /3 31/3 210 

(|fV¥ 19 g 4 / 3 r 10 
+ 606375 2 2 / 3 3V 3 322481250 + 



^ (l) 2/3 .4/3^ , 17e 4/3 r 



IKS = ^TTT? + ^7^^ + 



2 2/s 31/3 20 2 2 / 3 3^3 2800 

e 4 / 3 r 6 83e 4 / 3 r 8 

+ 2 2/3 31/3 100 80 ~ 2 2 / 3 3V 3 155232000 + 
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£ 4/3 r 2 £ 4/3 r 4 59£ 4 / 3 T 6 

s ks - ; o9/ o Ol/ o - „„, Ol/ o ^77; + 



4 2 2 / 3 3V3 2 2 / 3 3 x /3 240 2 2 / 3 3V3 50400 

£ 4/3 r 8 6401e 4 / 3 r 10 



h K s = (<? s Mc/) 2 2§ £ -§ 



2 2/s 31/3 8960 + 2 2/3 31/3 558835200 + ' ' 
' r 4 37r 6 4 2 2 / 3 r 8 

00 6V3 + 6V3~T8 ~ 6V3 4725 + 3^3 7875 + 



(2.6b) 



for the squashing functions and warp factor. Note that each of these functions contains 
powers of r with only one parity (e.g. hies contains only terms of the form r 2fc ). 
The given expansions satisfy the dilaton equation of motion ( |A.3b| ) up to 0(r 9 ), the 
Einstein equation ( |A.3a| ) up to 0(r 7 ), the if 3 equations ( |A.4aj ) and ( |A.4b| ) up to 0(r 8 ) 



and 0(r 10 ), and the F 3 equation (|A.5|) up to 0(r 9 ). The leading constant of h can be 



caluculated numerically, a = 1(0) ~ 0.71805. 

3. Non-SUSY deformations from localized sources 

In this section, we present perturbations to the KS geometry that are solutions to the 
supergravity equations of motion with singular behavior. One of these solutions corre- 
sponds to adding D3-branes to the tip of the geometry. We first argue why a singular 
solution is necessary to describe the point source behavior of a D3. We then discuss 
two solutions, the first in which the internal space remains the deformed conifold, and 
the second in which the geometry is "squashed" away from this geometry. We also 
match the parameters in the latter solution to the tension and charge of the 3-branes. 

3.1 Effect of point sources 

For simplicity, we seek solutions that retain the isometry of the KS solution. Because 
the § 3 remains finite as r = 0, in general placing a point source into the internal 
geometry will break the angular isometry even at r = 0. Therefore, in order to retain 
the KS isometry, these point sources must be smeared over the finite § 3 . Alternatively, 
we can consider a collection of point sources that to good approximation are uniformly 
distributed over the § 3 . 

The effect of such a localized source on the geometry can be estimated by con- 
sidering the Green's function in the unperturbed background. Using the metric ( p.l[ ), 
an S-wave solution (i.e. dependent only on r) to Laplace's equation V 2 H = can be 
written with integration constants V and (f> 



oc 
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If the warp factor h is obtained by solving the Killing spinor equations ( |A.6|) (more 
precisely (|A.9|) ), then the form of h is similar to that of the Green's function, 



h = v + w r dx Kx) m (3 2) 

4 J T q(x)s(x) y b(x) 

A localized source of D3 charge gives a constant piece to £, and this constant piece 
indeed generates a Green's function in h. The ansatz ( |2.1| ) admits solutions that are 
either asymptotically flat or AdS (up to possible log corrections) and setting V = 
corresponds to demanding the latter. 

The integral ( |3.1| ) cannot be performed exactly for the KS solution. However, using 
the expansion about r = given above, one can write for small r, 

H = V + 2f3Ue^ (---- + — + -). (3.3) 
Y V T 15 315 J K J 

Thus if we include a point source at the tip that respects the same supersymmetry as 

KS, then the geometry should become singular as r — > 0. In particular, the warp factor 

will depend as r _1 . 

Dropping the constant term, in the large radius region the Green's function takes 
the form (in terms of r 2 = 2 5 / 3 3e 4//3 e 2r//3 ) 

1 /Q 8 4r 27 

H = -2 1/3 24£~3 (f)e-- + ■■■ = — -f + ■■■ . (3.4) 

If the object that is added to geometry breaks supersymmetry, then it needs not 
perturb the warp factor by simply adding a Green's function piece. Indeed, in the large 
radius region, where a Green's function behaves as r~ 4 , adding D3-D3 pairs perturbs 
the warp factor by r~ 8 |12, |39| (though there are also log corrections). Heuristically, the 
presence of the non-supersymmetric source adds a perturbation that scales as 5h ~ h^H 
where ho is the unperturbed warp factor (if the charge of the non-BPS source is non- 
vanishing, then there will be a Green's function contribution as well). Since the KS 
warp factor approaches a constant, this suggests that even for non-supersymmetric 
sources, we should look for perturbations to the warp factor that behave as r -1 . This 
argument is only very heuristic, though we are able to check using boundary conditions 
that this behavior is indeed correct. 

3.2 Unsquashed singular perturbations to KS 

We consider perturbing the KS solution by taking the ansatz (|2.1| ), (|2.2j ) and writing 

f=fKS + f P {r), k = k KS + k p (r), F = F KS + F p (r), £ = f(l-F)+kF, 
$ =log# s + $ p (r), h = h KS + h p (T), 

P =Pks, b = b KS , q = qxs, s = s K s, (3.5) 
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where the KS solution is Q2.4Q and the subscript p indicates a perturbation to KS. Such 
an ansatz changes the warp factor and the fluxes, but leaves the internal unwarped 
geometry as the deformed conifold. We do not attempt to solve for the perturbations 
exactly, but write them as a power series about r = 0. We then solve the equations 
of motion ( |A.3| ) to first order in the perturbations and order-by-order in r. To linear 
order in perturbations the coefficients for the odd powers of r in h p decouple from the 
coefficients for the even powers. As argued above, to capture the behavior of a point 
source, the warp factor ought to behave as r -1 , implying that we should focus on the 
odd powers in r in h p . We find the solution 

,1 2r r 3 2r 5 \ 
$ D =(p - + — - — + 



p \t 15 315 23625 J ' 

F -6 (- 1 - — — ^ u( l T — 31r5 ^ 
p ~^ V 2 ~ "720~ + 1400 J + ~ 6 + 360 ~ 15120 ) ' 

/23 3r2_r^ 61r 6 \ /_13 _ r 2 r 4 17r 6 \ U 

* p ~^\12 + 16 80 + 26880 ) + \ 6 8 + 48 5760 ) + 6 ' 

k -s(— 9 3-7-2 113r4 > \ u Vl 

v -<P 1 r 2 + 4 80 25200 J + V r 2 2 120 + 3024 ) + 6 ' 



( 9s Ma') 2 2 2 / 3 £- 8 / 3 



" gl/3 



11 206r 3 487r 5 \ , / 12 4r 3 208r E 
+ ~ ^t^z — + 



r 1575 23625/ \ t 25 7875 
1 2r r 3 2r 5 \ 



+H[ - + — - — + 



> 



(3.6) 



v r 15 315 23625^ 

This solution is valid to linear order in the parameters 0, U, and %. It can be extended 
to higher order in r by expressing the higher order coefficients in terms of </>, U, and % 
so that no additional parameters need to be introduced. These perturbations satisfy 
the dilaton equation ( |A.3b|) up to 0(r 3 ), the Einstein equation (|A.3a|) up to 0(r 3 ), and 
the gauge equations ( |A.4a|) up to 0(r 4 ), ( |A.4b|) up to 0(r 4 ), and ( |A.5|) up to 0(t 3 ). 

It is worth noting that even if we allow a perturbation to 6(r), which describes 
limited squashing of the internal space (more general squashing is considered below), 
the solution (|3~6|) does not change and b remains unperturbed (b p = 0). The squashing 
of this direction was considered in [0 to obtain a non-SUSY deformation of KT space, 
but in the KS region, there is no solution in which only this direction is squashed. 

To this order in the perturbations and in r, the solution (3~B) respects the ISD 
condition ( |A.8[ ) of the 3-form flux as well as the first derivative SUSY condition for 
the warp factor ( |A.9|) , even though the solution follows from solving second derivative 
equations. However, we expect (and indeed we have checked to several higher orders 
in r) that the flux remains ISD to all orders in r since the dilaton takes the form of a 
Green's function (|3.3|). If the flux had an IASD component as well, then in general the 
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fluxes would provide a potential for the dilaton and $ would no longer satisfy V 2 $ = 0. 
Indeed, since $ does have the same form as ( |3.1|) , we can identify <fi as corresponding 
to some point source for the dilaton smeared over the finite S 3 at r = 0. 

Some non-SUSY perturbations to the KS solutions, found by solving the first order 



differential equations given in |p4|, were analyzed in [26, G7|. For = (i.e. constant 



dilaton), the solution ( |3.6| ) is a small r expansion of the exact solution appearing in p7[ , 
the flux part of which is 

F ( T ) 4 f 1 - ^uZl + T^TZ + % H 1 ^ 



2 V sinhr/ sinhr 32 V sinhr/ 
„, . r cosh r- sinhr W n , . H 

f(j) = 9/ ; : 9/ , : (5 + 8 COsh r) + — 

V; 4cosh 2 (r/2) 6cosh 2 (r/2) V ; 6 

5T 

H n (2r + 4r cosh r — 4 sinh r — sinh 2r) , 

128cosh 2 (r/2) v y 

, . , r cosh r — sinh r W . „ „ , , W 

k(r) = ^— — 9-—- (-5 + 8 cosh r) H 

V ' 4sinh 2 (r/2) 6sinh 2 (r/2) V ' 6 

5T 

H 2 - (-2t + 4r cosh r - 4 sinh r + sinh 2r) . (3.7) 

128 sinh (r/2) 

The solution is singular for non- vanishing U or % which are essentially the same pa- 
rameters that appear in (|3.6|), though ( |3.7| ) is an exact solution of ( |A.3| ) to all orders 
in U, H, and T ■ The remaining parameter T appears in another solution ( |4.1|) , and of 
the parameters of (|3.7| ) , only a non- vanishing T leads to supersymmetry breaking. The 
additional parameter <p appearing in ( |3.6| ) comes from relaxing the condition that the 
dilaton $ is constant. Note also that the parameter % is related to the gauge symmetry 
B 2 ^ B 2 + dAi. 

To check if supersymmetry is preserved, we consider the SUSY variations of the 
gravitino and dilatino (|A.6|) , taking into account the non-trivial dilaton profile. Since 
G3 is ISD, the last term of the dilatino variation (|A.6b| ) vanishes. However, the terms 
involving the derivative of the dilaton do not. Indeed for small r, 

5\~-t * V r r e+---, 3.8) 

2 1/3 «o f {g s Ma'y/ 2 r 2 

where T indicates an unwarped T-matrix. Since this variation is non-vanishing, the 
solution ( |3.6|) breaks supersymmetry. 

The variation for the gravitino is also non-vanishing since the solution includes a 
(0, 3) part of G 3 . From ( |B.8j ), we see that for the solution 

1 1 86r 
3T 3 + 157 ~ 1575 



Gf' 3) = < plJ— + -± -| ) ( Zi dzi) A (eijkiZiZjdzk A dz{). (3.9) 
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As shown in Sec. |4.1| , the exact solution ( |3.7|) , for which = 0, has an additional 
contribution to the (0, 3) part from T. For the perturbation ( |3.6| ), the (3, 0) and (1, 2)- 
parts vanish, which is consistent with the fact that the ISD condition allows only for 
(2, 1) and (0, 3) components. 

Both the variation of the dilatino and gravitino involve only 0. Therefore, even 
though the singular behavior seems to imply that U and "H can be associated with a 
point source, they do not break supersymmetry (though ( p.7| ) breaks supersymmetry 
for non-vanishing T) and only is a possible candidate to describe the presence of a 
localized SUSY-breaking source. The parameter characterizes a localized source for 
the dilaton and therefore cannot correspond to the presence of D3-branes since D3s 
do not directly couple to the dilaton. Furthermore, it was shown in JL2] that an D3 
squashes the geometry so that it is no longer conformally Calabi-Yau. Extrapolating 
this result to short distances, the source associated with 0, which does not squash the 
geometry, should therefore not be identified with an D3-brane. Indeed, this mode is 
the small radius analogue of the r -4 mode for the dilaton that appeared in [12| (as 
well as the flat space analysis of non-BPS branes in |39|]) which could be turned off 
independently of the existence of D3-branes as it does not contribute to the total mass 
of the solution. 

Note that this solution possesses a curvature singularity at r = 0; at small r the 
Ricci scalar behaves as 

R -452^U + (45 2 2 / 3 - 3^a )(12U - 110) | 
303 l / 3 a /2 g s Ma'T 

The presence of the curvature singularity indicates a breakdown of the supergravity 
approximation, and so our solution is only expected to be valid for 1/ (g s Ma') <C r < 1 
where the upper bound coming from the fact that we are performing a small r expansion 
and the lower bound comes from assuming that R is small in string units. 

3.3 Squashed singular perturbations to KS 

We can generalize by considering solutions that "squash" the internal geometry so that 
the unwarped geometry is no longer that of the deformed conifold. At large distances 



where the DKM solution [12] is valid, the only non-trivial squashing that occurs due 
to the presence of a D3-brane is in the direction on which the U (1) isometry acts 4 . 
However, as discussed in the previous section, at small radius the equations of motion 
do not admit a solution in which the only squashing is in this direction. Thus, we 



4 In actuality, this U (1) isometry is broken to a discrete subgroup by the fluxes and deformation of 
the conifold singularity. 
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consider 



hp(r) 



$=logp s + $ p (r), h = h KS 
f=fK8 + f P (r), k = k KS + k p (T), F 
b=b KS (l + b p (T)), q = q KS (l + q P (r)), 



F KS + F p (r), e = f(l-F) + kF, 

s = s KS (l + s p (r)), p = Pks, (3.11) 



where we have used the freedom to redefine r to keep p unperturbed but have allowed 
b, q, and s to be general so that the ansatz is the most general ansatz consistent with 
the isometry of KS. This more general ansatz will allow G 3 to have both ISD and IASD 
components. We are again interested in describing the effect of a localized source and 
since the even and odd powers of r in the warp factor decouple from each other, we 
focus on odd powers of r in h p . We find a power series solution to (|A.3|) where the 
dilaton obtains a non-trivial profile that is regular at small r 



% = St + yr 3 . 



(3.12a) 



However, the squashing functions for the solution are singular 

3293r 3 \ /70 404r 3 \ / 43r 3 
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(3.12b) 



Similarly the fluxes are 



=s ( 3193 
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f . . 863221 101247 S 1 / 3 ^ 13 3 2 / 3 a 2 / 265 321 3^^^ 2 



2520 700 2 2 / 3 5 2 x /3 ^ 112 112 2 2 / 3 

/ 17209 1037 3 1 / 3 a \ 4 / 143221 653a \ 
V40320 + 5600 2 2 / 3 J T + \ 2419200 ~ 64006 2 / 3 / 



/ 81913 5333 3 1/3 a 21 3 2/3 a 2 f 125 165 3 1/3 a \ _ _. 
+ V 36 5 2 2 /3 + 2V3 + ^ 8 8 2 2 / 3 1 ' 

/491 43 3 1 / 3 a \ 4 /3881 413a \ 6 
V288 4 2 2 / 3 y V 4 320 640 6 2 / 3 / T 
/ 3155 _ 15r 2 _ 47r 4 307r 6 \ 
+ V 84 56~ ~ "672" + 10080 J ' 
/_ 3193 _ 513 3 1/3 a _ 37454 _ 104777 3 1/3 a 13 3 2/3 a 2 > 
p ~ V 42T 2 " 35 2 2 / 3 r 2 ~ ~105 700 2 2 / 3 + 5 2 x /3 

11617 1649 3 l ' 3 a . 
1 ~~5040 + 2800 2 2 / 3 J T 

, 1520 39 e 1 / 3 ^ 28621 5503 3 1 l z a 21 3 2 / 3 a^ 
~ 5 ^ 12 5 2273 + 2V3 

, 1321 197 3 1/3 a \ 2 
+ ! 72" + 40 2 2 / 3 S 7 



100 1095 17r 2 



7r 2 28 168 



(3.12c) 

The warp factor resulting from the fluxes exhibits the desired singular behavior 
h p =(g s Ma') 2 2h- 



3 



. 105907 2 2 / 3 146913a ( 182561 _ 5413a 
c >% 105 3V3 r 350r + \ 900 6 1 / 3 125 1 ' 



/ 80393 30753a / 29414 2 2 / 3 7896a \ \ 
+y \q 6V3 r + V 45 3V 3 25~~ J T ) 



p . 3055 29 2 2 / 3 r 
~~ b 1 ~ 14 6V3 r ~ 3 3V3 



(3.12d) 



Perturbations that respect the ISD condition and were presented in the previous section 
have been omitted. Again, S, y, and B are treated as perturbations and so the solution 
is valid to linear order in these parameters and can be extended to higher order in r 
without introducing any new independent parameters. 

Since the dilaton does not exhibit a r _1 behavior, the nontrivial profile cannot be 
interpreted as resulting from a localized source for the dilaton. Instead it comes from 
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the lift of the vacuum energy due to the presence of both ISD and IASD components 
of G 3 (EpgD , 



m - e 2 *F 2 



48 6 1/3 5 405 - 16 6 1/3 a (5 - 90y)r 



a g^Ma'r 



+ 



5a /2 g 3 s Ma' 



+ 



(3.13) 



The non- vanishing potential for the dilaton implies the existence of an IASD component 
since, for C = 0, 



V 2 $ 



g B e~ 



2x3! 



(3.14) 



where G ± = iG% ± *§G%. One can also see directly from ( |A.8| ) that G 3 is no longer 
purely ISD. The parameters controlling the deviation from the ISD condition ( |A.8|) 
are S and y. Both of these are included in the squashing functions, implying that 
the squashing of the deformed conifold is needed to have non-vanishing (3, 0) or (1, 2) 
components of G 3 . 

As was the case for (|3.6| ), the geometry exhibits a curvature singularity at r = 0. 
Indeed at small r the Ricci scalar behaves as 



R 



o(B,s,y) 



(3.15) 



This 



g s Ma'r 

where we have omitted numerical coefficients since the essential behavior is r _1 . 
singularity implies that the solution is valid only for S/(g s Ma') <r<l. 

The solution ( |3.12| ) breaks supersymmetry, squashes the geometry, and introduces 
an IASD component of the flux. All of these properties are also shared by the DKM 



solution [|I2| which describes the large radius influence of D3-D3 pairs at the conifold 
point (though the DKM solution contains squashing in fewer directions than this solu- 
tion). The perturbations to the KT geometry in the DKM solution behave as r -4 and 
r _4 logr compared to the KT geometry itself (e.g. the KT warp factor included r~ 4 
and r _4 logr while the perturbations behaved as r~ 8 and r _8 logr). Similarly, the solu- 
tion (|3.12| ) involves perturbations that behave as r _1 relative to the KS solution ( p.4| ). 
We note that r _1 and r~ 4 are the small and large radius expansions of the Green's 
function ( ^.1| ). This, together with the shared properties mentioned above, is a hint 
that the solution ( |3.12|) may describe the backreaction of D3-branes. We can confirm 
that this is the case by checking boundary conditions. 

3.4 Boundary conditions 

We now seek to match the parameters of this solution to the tension of the D3-branes 
that are localized at r = 0. Since the solution is singular at r = 0, we expect the solution 
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to be modified by undetermined stringy corrections at distances r < S/ (g s Ma'). We 
will therefore not try to obtain the coefficients exactly 



Following from the behavior of the Green's function ( |3.3|) , the O (1/r) behavior of 
the warp factor is tied to the existence of a localized source of tension. Indeed if there 
is a collection of D3-branes and D3-branes located at r = and angular positions 
then they contribute to the stress-energy tensor as 

T ioc Hr) ^ 6 5 (to-SU) „ r , 1fi v 
-V = - K w T z^=^= S, 7^ Vtw, ( 3 - 16 ) 

VPKSOKSSKSqKS ^ V 95 

where is the angular part of the determinant of the unwarped metric and the other 
components of T^ C N vanish. We make the approximation that there are enough 3- 
branes that we can treat them as uniformly smeared over the finite § 3 at the tip. Then 
integrating over the S 3 gives 

/ dvol s a T l ; u c = -4^3 (N m + N m ) Iff S -P-V,u, (3.17) 

where 5 2 (Q) fixes the angular position on the vanishing 2-cycle, g 2 is the unwarped 
metric for that 2-cycle, and ]Vd3 and are the numbers of D3 and D3-branes added 
to the tip. This localized source of tension should cause a 1/r behavior in the warp 
factor. Tracing over the Einstein equation in the presence of the localized source, we 
have 



-A {r 2 d T h p ) ~ U T 3 (N D3 + N m ) 5 (r) Ml-±— 1, (3.18) 



4r 2 2 V b KS q K sSKS V 2 

where we have integrated over the angular directions and defined V2 = J cPxi/g^. 
Integrating over r, we find that near the tip of the deformed conifold, 

V 2 T 

where Hks — ho + O (t 2 ). That is, the r _1 coefficient in the warp factor is proportional 
to the total tension of the 3-branes added to the tip. Using ( |3.12|) , we can use this 
relation to match the parameters to this tension. 

Similarly, one can match to the total charge added to r = by considering the 
constant part of £, 

£ (r = 0) oc iV D3 - N m . (3.20) 
Since the solution (|3.12|) involves ratios of relatively large numbers, we omit the detailed 



form of this expression, but by some choice of parameters, we can take the solution 
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to correspond to adding negative charge. Thus, for some choice of S, B, and y (as 
discussed below, one must additionally include the U-mode of (|3.6|) ), the solution (|3.12|) 



corresponds to adding D3-branes to the tip of KS. Another choice of parameters allows 
us to describe the influence of D3-D3 pairs which adds tension, but no net charge to 



the solution and so is the small radius analogue of the solution presented in |L2 . 

Alternatively, we might match the parameters to the tension of the 3-branes by 
calculating the analogue of the ADM mass. For spaces which do not necessarily asymp- 



tote to either flat space or AdS, a generalization of the ADM mass was given in |)40 
However, this is applicable only at large distances (and indeed was used in the large 
radius solution [12|]) while the solution ( [3. lip is valid for small r. Although analogues 



of the ADM mass exist for arbitrary surfaces, and not just those at infinity fi2"|| , it 
is more efficient to match to the localized tension discussed above. 

The behavior of the 3-form fluxes in (|3.12| ) gives rise to divergent energy densities 



iff and F 2 . In particular, the leading order behavior F p ~ St^ 1 (for the remainder of 
the section, S will be used as short hand for linear combinations of S, B, and y) leads 
to F 2 ~ iS 2 r~ 6 . The contribution to the action then diverges since \/gF 2 ~ S 2 t~ 4 . 
Similarly, the r~ 2 behavior of k p — f p gives iff ~ S 2 t~ a which also gives a divergent 
action. Since the D3-branes do not directly source these fields, one should impose 
that these very singular behaviors should be absent from the solution describing the 
backreaction of D3-branes. Since two of S, B, and y are fixed by matching to the 
tension and charge of the 3-branes, there is not enough freedom to cancel both of 
these divergences using just the modes in (|3.12|) . However, these divergences can be 



cancelled by additionally including the W-modes given in (3J3). Imposing this additional 



condition on S, B, y, and U gives the leading order behavior 

F p ~ Sr, k p -f p ~ Sr°. (3.21) 



From these, 



F 8 a ~ iff ~ ^. (3.22) 



That is, even after imposing that the most singular parts of the 3-form flux vanish, 
the energy densities iff and F 2 are divergent. Furthermore, these divergences cannot 
be removed by including any of the other modes discussed here without setting all of 
these constants to be zero. However, these do not lead to a divergent action since 
y/gF* ~ y/gHi ~ r°. 

The fact that F 2 and iff are divergent may be at first be surprising since the 
D3s do not directly couple to the 3-form flux and thus the singularities in iff and F| 
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have no obvious physical interpretation 5 . Here, however, we suggest that such singular 
behavior might have been anticipated from the equations of motion and the boundary 
conditions. Indeed, the coupling between the 3-form and 5-form flux can be written as 
(see for example pE3| ) 

dA + \ r dr A (A + A) = 0, (3.23) 
Im (t) ' 

where the external part of C4 has been written 6 

C A = adx° A dx 1 A dx 2 A dx 3 , (3.24) 

and 

A = $+G- + $-G + (3.25) 

where $ ± = h~ l ± a and G^ 1 = iG% ± *qG%. Since in the KS background, r is 
constant and both $~ and G~ vanish, the second term in ( |3.23 ) is higher order in 



the perturbations and the remainder of the equation implies dA = 0. To leading order 
in perturbations, this implies 

&+5G- = -5<5>-G + . (3.26) 

Although the D3-branes do not directly couple to G^, they do directly source $~. 
Since the KS geometry has both $ + and G + non-vanishing, this direct coupling implies 
that G~ must be non-vanishing when an D3-brane is added. Furthermore, since <5$ - 
will have singular behavior at small r while $ + and G + are regular, 6G~ must have 
smaller powers of r than G + . For example, in the KS background / — k ~ r while 
$ + ~ r°. Since <5$~ ~ t , one might expect f p — k p ~ r°. Due to the presence of the 
Hodge-* which will introduce the squashing functions into this analysis this argument 
alone is not conclusive and one must solve the equations of motion as we did above. 
Nevertheless, it provides a heuristic argument for why this singular behavior for if| 
and F| is present in this solution. The intuition that an D3-brane should not result in 
such singular behavior comes partially from the flat space case where G + = and this 
argument fails. Similarly, it fails for the addition of D3-branes to KS since D3s source 
only $ + and not 

The backreaction of D3s was also addressed in |37|]- In [p7| , the existence of the 



constant part of k p — f p and the linear part of F p , after imposing that the more singular 
parts vanish, was deduced from a slightly different logic. The authors used the fact that 



5 For example, it was argued in that the resulting H3 has the wrong orientation and dependence 
on the D3-charge to be due to the NS5-branes that were described in [[TlJ . 

We use notation which is slightly different than the remainder of the paper to match with the 



notation in MM and to present (3.23) simply. 
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a probe D3-brane in the geometry will be attracted to D3-branes at the tip 7 . Under the 
assumption that the backreaction of the D3-branes could be described as a linearized 
perturbation to the Klebanov-Strassler geometry with at least some non-normalizable 
modes absent, it was shown in ]37| that the existence of this force implies such behavior. 
It was then argued that this may imply that treating the D3s-branes as a perturbation 
to the Klebanov-Strassler background is not a valid procedure because the D3-branes 
do not directly couple to H3 and F3 and that therefore the resulting singular iff and 
.Ff are unphysical. The point of view that we adopt is that although it is true that 
adding D3-branes to KS or D3-branes to flat space will not result in such behavior, in 
light of ( [3.23] ) it is not surprising that such modes exist when adding D3-branes to KS. 
Therefore, unlike the possibility discussed in [|37|, we do not impose that iff and F| 
are non-singular. 



4. Regular non-supersymmetric perturbations 



Here we present solutions which do not include a singular 0(l/r) behavior in the warp 
factor. In this case, the warp factor is a power series in r consisting only of even powers. 

4.1 Unsquashed regular perturbations to KS 

The equations of motion ( |A.3j ) admit a solution that is regular and unsquashed. Taking 
the ansatz (13. 51), we find for the dilaton and fluxes 
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while the warp factor is 

h p = 2§(c/ s Mo/)Vj 



a + t 



5r 2 



+ 



5r 4 



(4.1a) 



(4.1b) 



6V324 6 1 /3i44/_ ' 

Again, these solutions are valid up to linear order in the parameters A, V, and T. 
The solution satisfies the dilaton equation (|A.3bj ) up to 0(r 4 ), the gravitational equa- 
tions ( |A.3a|) up to 0(r 2 ), the H 3 equations (|A.4a|) and ( |A.4b|) up to 0(r 3 ) and 0(r 5 ), 

7 Of course, requiring the solution to exhibit non-SUSY behavior and that the warp factor behave 
as r _1 will result in such a force. 
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and the F3 equation ( A.5 ) up to 0(r 4 ). It can be easily extended to higher order in r 
without introducing additional independent parameters (i.e. higher order coefficients 
can be expressed in terms of V, T, and A). The solution related to the parameter T is 
the same solution appeared in the exact solution (|3.7|) after expanding around r = 0. 



As was the case for the singular unsquashed perturbation given in Sec. |3.2| , the 
fluxes in this solution respect the ISD condition. The solution has a non-vanishing 
(0, 3)-component 

G (°>3) = (g7? _ 5T) |^_L _ JL + _ I_ + . . ^ (^.) A (e^Zjdzk A dz{), (4.2) 

while the (3,0) and (1, 2)-components vanish. The existence of the (0,3) part implies 
that the gravitino variation is non-vanishing for general choices of V and T and thus 
supersymmetry is broken even though the flux is ISD. However, taking 8V = 5T 
results in an M = 1 supersymmetric solution. This special case is a generalization of 
KS, corresponding to a constant shift of the string coupling and a canceling shift in H 3 
such that G 3 is unchanged. Indeed in this case, F p = while f p oc fxs an d k p oc kxs- 

4.2 Squashed regular perturbations to KS 

As was the case for the singular perturbations, it is possible to obtain solutions that 
break the ISD condition by adopting the more general squashed ansatz ( |3.11| ). We 
again find such a solution to ( |A.3| ) as a power series in r. The dilaton profile is again 
non-trivial 
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The metric squashing functions are 
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and the warp factor is 



h p =(g s Ma'Y2^e 
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The perturbed fluxes are 
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where we have again omitted terms presented in Sec. [4.1| . This solutions is valid to 
linear order in the parameters (p, Ai, Q, and T> which characterize the perturbation 
and again one could extend this to higher orders in r. 
The resulting G 3 is no longer purely ISD since 



Hi - e iq> Fi = —p. + ^ ^ ^— + ■ • • ^ 0. (4.4) 

This can also be checked more directly using (|A.8[). Although only the parameter (p 



appears in the potential for the dilaton, making any of these independent parameters 
non-zero leads to a non-ISD flux 8 . 



5. Non-SUSY solutions in the KT region 

It is also possible to find non-SUSY perturbations to the KT solution. We again will 
find that non-ISD fluxes can be found only if the conifold is squashed. As before, we 
consider solutions that are linear in the perturbations, though since we are working at 
large r, we do not perform a power series expansion around r = 0. 



The vanishing of the potential (|IJ) merely implies Re (G+ np G- mnp ) = 0, not that G+ = 
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5.1 Klebanov-Tseytlin solution 

The ansatz ( J2.1[ ), ( ]2.2\) also includes the KT solution [|T3|]. This solution corresponds 
to adding N D3-branes and M fractional D3-branes (i.e. M D5-branes wrapping a 
collapsing 2-cycle) to the undeformed conifold singularity and is valid at large distances 
from the conifold point. It is recovered by 

3 r 1 
/jfr(r) =k K T(r) = - log — , F KT (r) = -, 
z r z 

ttN 

?>KT{r) =/kt(1 - ^jrr) + k KT F KT + 



<? S M 2 ' 

^2 ^,2 

Pkt{i~) =1, &att(»") = 7T, gjrr(r) = s^ T (r) = — . 

9 o 



$ KT (r) = \ogg s , h KT (r) = — g s Na' 2 + —(g s Ma'Y + — (g s Ma'y log - 

(5.1) 

where r 2 = 2 5//3 3e 4//3 e 2T / 3 . In contrast to the KS solution, i is chosen to satisfy 

= 27vra ,2 iVvol r M + £>2 A F 3 , (5.2) 

where voI^m is the volume form of the angular space. This reflects the fact that the 
effective D3 charge receives contributions from both the 3-form fluxes and the N regular 
D3-branes which provide a localized source for the charge. 

5.2 Unsquashed perturbations to KT 

In analogy with the analyses of unsquashed perturbations of KS in Sections |3.2| and f4.1| , 
we first consider perturbations for which the unwarped 6D space is still the unsquashed 
conifold and the flux is ISD. We take the ansatz 

ttN 

$=log(? s + $ p (r), h = h KT + h p (r), £ = f(l-F) + kF + 



9sM^ 

f=ficr + f P (r), k = k KT + k p (r), F = F KT + F p (r), 

P =Pkt, b = b KT , q = q KT , s = s KT - (5.3) 



Solving the ISD condition ( |A.8| ) and the first order equation ( |A.9| ) yields 
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(5.4) 



where we have retained only solutions that are regular as r — > oo. The solution is valid 
to linear order in the parameters V, 0, C, Q, and A which characterize the perturbation. 
Note that some terms in the perturbation are sub-dominant to the corrections to the 
KT geometry coming from the full KS solution; however even if these corrections are 
included, the perturbations are not corrected until even higher order in 1/r. 

The parameters V and are essentially the same parameters that appear in the 



perturbations to KS in Sections [O] and [T2] respectively. That is, V is a constant 
shift of the string coupling and the part including is a solution to Laplace's equation 
V 2 $ = 0. The parameters Q and U are related to those appearing in ( |3~6| ) and ( |3.7| ) 
as Q = 2e 2 U and C = ^ — ^ (the remaining parameter T appearing in ( |3.7| ) is not 
regular as r — > oo). 

The parameter is also the same parameter appearing in (Tj| . By calculating the 
Hawking-Horowitz mass [[KJ (the generalization of ADM mass) , which is valid at large 



radius, the authors of |L2| concluded that the relevant behavior of the perturbation to 
the warp factor due to the D3-D3 pairs should include a term behaving as r _8 logr. 
However no such a term appears in (|5.4|) . Moreover there is no squashing and the 
flux remains ISD. Therefore, even though SUSY is broken in this solution, it does not 
correspond to the presence of D3-branes. 

5.3 Squashed perturbations to KT 

A perturbation of KT which is no longer ISD was found in |12|]. Based on a similar 
analysis of AdSs x S 5 , the authors of |L2| assume the perturbations due to the D3-branes 



behave as 0(r~ 4 , r -4 log r) relative to the original KT solution and took an ansatz 
which squashes each of the SU (2)-isometry directions in the same way. However, it is 
interesting to relax this condition and take the more general ansatz ([2.1|), (|2 . 2|) with 



$ =log# s + $ p (r), h = h KT + h p (r) 



f =fKT + f P (r), k = k KT + k p (r), F 
b =b KT (l + b p (r)), q = qxril + q P (r)), 



= f(l-F) + kF + 

F KT + F p (r), 

s = s K t(1 + s p (r)), 



71 N 



V = Pkt- 



(5.5) 
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Such an ansatz in general squashes the spheres in different ways. Assuming perturba- 
tions that behave as 0(1, logr, r~ 4 , r~ 4 logr) relative to the KT solution 9 , the equations 



of motion (|A.3|) admit a solution 

_ _ 3S log(r/r ) 
~ r 4 ' 

S 

bp ~\~ ~~ j, Qp Sp J7" 

S /33 3Nn 9, r\ 

h P = - ^ (g s Na> 2 + ^{g s Ma'f + ^-{g s Ma'f log - 
2r 4 \ Sti 2tt r 

S /27tt Ar , 2 1053, „, .,„ 81, „ 2l r\ . „. 

+ - ^r^iVa' 2 + — - {g s Ma! 2 + —(g.Mct) 2 log - , 5.6 
r 8 \ 32 256 16 r / 

where and 5 parameterize the perturbation and we omit the parameters which have 
appeared in the previous subsection. The parameter S is the same parameter appearing 
T2j and breaks the ISD condition and thus breaks SUSY. It was shown in [12 that 



in 



S contributes a finite amount to the ADM mass as one would expect from the addition 
of D3s or D3s but since it does not contribute to the net charge, S characterizes the 
influence of D3-D3 pairs. 

Similarly, while turning on the parameter J preserves the ISD condition ( |A.8|) 
and the first derivative equation for warp factor ( |A.9| ) and does not introduce a (0, 3)- 



component to G3, it causes the unwarped 6D space to no longer be Ricci flat (and 
therefore no longer Calabi-Yau) so that there is no spinor covariantly constant with 
respect to the unwarped metric, implying that supersymmetry is broken. In order 
for the flux part of the Killing spinor equations to vanish, any Killing spinor of the 
perturbed geometry would have to satisfy the same chirality conditions as the Killing 
spinor of the unperturbed geometry (i.e. T z e = where z is any holomorphic coordinate 
of KT). Therefore, while the flux part of the SUSY variation of the gravitino vanishes, 
the spin connection part does not and SUSY is broken. A priori, one might expect a 
cancellation between the flux and spin connection parts might be possible for a different 
choice of chirality, but one can show that this cannot occur (see e.g. |HJ and references 
therein) . 

Although a non-vanishing J breaks supersymmetry, it does not describe the pres- 
ence of D3-branes. Note that while taking J 7^ does not add any charge to the 
background, it still might describe the presence of D3-D3-brane pairs. However, such a 



9 As was the case in the previous section, including the finite deformation corrections to KT will 
not change the form of the perturbations. 
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configuration would still provide a localized source of tension. The constant shift J in 
the squashing cannot be a result of a localized tension since such a source should cause 
a functional form that is singular as r — > 0. Similarly, the perturbed warp factor is not 
a result of additional localized sources of tension, but results as a solution of ( |A.9| ) with 



the perturbed squashing functions. Thus, the large radius backreaction of D3-D3-pairs 
is found by setting J = 0, reproducing the result of ||12| 10 . 



6. Gravitino mass 

In this section we calculate the effective 4D gravitino mass that results from dimensional 
reduction of the SUSY breaking solution. The gravitino can potentially obtain a mass 
from interactions with the 5-form flux F 5 and the 3- form flux G 3 . This problem was 



addressed previously in [ 45] , though in their analysis they considered a background for 
which the warp factor satisfied the condition ( |A.9| ). However, even when this condition 
is not satisfied, their method can still be applied and we follow it closely here. Note 
that although we are interested in the specific case of the warped deformed conifold, 
this discussion applies to any perturbation of a warped Calabi-Yau. 

Since we work in the Einstein frame, we relate the Einstein frame spinors to those 
in the string frame 

H>f f =gle-t*' M - l -gle-lr M \ s *, \ E =^~Ma s , 

Y E M =gJe-tT s M , e E =gle-ie s . (6.1) 

Up through bilinear terms, the action for the type IIB Einstein frame gravitino is 

Ct =M M r MNS (d n 9 3 + ~/d N C* s + i^T R ^ R ^Fs RlR2R3R4 ^ , 

C 2 = ~ ^*Mr MWS {T s RM G RlR2R3 - 9T R ^G SRlR2 ) n + h.c, (6.2) 
where -Dm is the covariant derivative which, when acting on is given by 

D {l ^ v] =D [t ^ u] - ir^log/i^j, 

D [m V v] =D [m ^u] + -r [OT ^log/i^] - \d [m \oghm uh (6.3) 



10 



We thank S. Kachru and M. Mulligan for some useful comments related to this discussion. 
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where and D m are the covariant derivatives built from the unwarped metrics 
and g mn . 

The ^ part of the 10D gravitino is decomposed as a product of a 4D gravitino ip^ 
and a 6D spinor \ that is covariantly constant with respect to the unwarped metric 

ty^ix^x" 1 ) =tp fl (x^)®h-^ X (x m ), (6.4) 

where \ is normalized such that x^X = 1- The h^ 1 ^ 8 factor of the warp factor comes 
from requiring that the spinor is covariantly constant with respect to the warped metric, 



D m ^„ = p 



The 4D kinetic term following from ( |6.2| ) can be evaluated by dimensional reduction 
- 2 [ d^^if.r^f, = i / fayfTii^t^D^p, (6.5) 

ft J K 4 J 

where on the right hand the indices are contracted with the unwarped metric g^ v and 
where the 4D gravitational constant and the warped volume are 

- 2 = -Ve™, K = [ d 6 yy%h. (6.6) 

If the supersymmetry condition on the warp factor ( |A.9 ) is satisfied, then the 
coupling to F 5 is canceled by the spin connection. However in general this interaction 
term could a priori contribute to the gravitino mass and we have 

3 4 / **V=&f*. Jtyyfajj* + ^vfc) * tf (6.7) 

where o;^ 6 is the spin connection with letters from the beginning of the alphabet 
denoting tangent space indices and where on the right hand side, terms involving the 
unwarped spin-connections have been omitted and indices are again contracted with 
the unwarped metric. The gravitino mass resulting from the 5-form flux is then 



8V 6 W 



( a, 



However, this term vanishes as a result of the 6D chirality of \ an d thus F 5 does not 
contribute to the gravitino mass. 

The essential contribution to the gravitino mass comes from the 3-form flux. Di- 
mensional reduction gives 

1 J d^x^f^T^: j d 6 y^f 6 r^f /2 X^ mn ? X *G mnp + h.c. j . (6.9) 
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Since T % x = 0, we can write 

x if mnp x * = x f r j V = w fk , (6.10) 

where Q is the holomorphic 3-form of the underlying Calabi-Yau whose explicit form 
for the deformed conifold is given in ( |B.11| ). Thus only the (0, 3)-component of G 3 
contributes to the gravitino mass 11 . This has been shown previously [J45|, but here we 



argued that it holds even when (|A.9|) is not satisfied. The 4D gravitino mass resulting 
from the 3-form flux is then 



m.3/2 =—T— 

61 iV$ 



[e*/ 2 QAG 3 , (6.11) 



which is quite similar to what follows from the Gukov-Vafa-Witten superpotential H47 |. 
With the explicit formula for the of Kahler potential 12 and restoring the Kahler modulus 
p, we can write the gravitino mass as 



m 3 / 2 oc K A e 2 W GVW , (6.12) 

where Wgvw is the GVW superpotential and /C is the Kahler potential. 
If we apply these expressions for the gaugino mass to ( |3.12| ), we find 

2 (S + 10T) 

m 3/2 ~ k 4 — . . , (6.13) 

a {g s Ma') r min 

In evaluating this, we have assumed that most of the contribution to the gravitino 
mass should come from small r, close to where the source of SUSY breaking is located, 
and cut the integral at some lower bound r min . The lower bound must be introduced 
because for sufficiently small r, the supergravity approximation breaks down. For the 
singular solutions of Sec. ^| where the warp factor behaves at small r as 0(l/r), the 
Ricci scalars of these backgrounds behave as R ~ S/(g s Ma'r) where S stands for 
any of the parameters characterizing the perturbation (which we expect to be all of 
the same order for a given solution). Thus, the solutions are valid for r satisfying 
l/(g s Ma') <t<1. If we naively take r m i n to be this lower bound then 

m 3/2 ~ kISs 2 '\ (6.14) 



n We are treating the background as a non-SUSY perturbation to a warped Calabi-Yau. More 
generally, when the Calabi-Yau is squashed there will be additional potential contributions from terms 
such as g 1 ^ g kl g mn Gikm^jin, but these are higher order in perturbations since the unperturbed metric 
has gij = gij = 0. 

12 Here we continue to follow lIEf , but in the presence of strong warping, the Kahler potential should 
be modified from the expression used there [M M |(| M, pi il M. 



-27- 



This is a finite value even if g s M is large. A more precise calculation of the gravitino 
mass would require extending the integral to smaller r where the stringy corrections 
to the geometry become important. 

We also found solutions which behaves regularly at r = 0. The result of the 
calculation for the solution in Section [4.21 is 



2/3 

m 3/2 ~ ^4 Ar7 [(-318 + 20 6^ 3 a )M - 120Q 
g s Ma' Ly ' 

- (624 + 240 6 1/3 a )V + (6 + 5 6 1/3 a )<^] (6.15) 

This is a finite value, but since S is taken to be perturbatively small, and g s M is large, 
the mass of the gravitino is highly suppressed. 



The solutions ( p.6|) and (O) yield values for the gravitino mass that are similar 



to ( |B.13|) and ( |6.15| ) respectively. 
7. Discussion 

In this paper, we analyze several solutions to type IIB supergravity, corresponding 
to non-sup ersymmetric perturbations to the warped deformed conifold. Of particular 
interest are the solutions presented in Sec. [T3] which capture some key properties of a 
solution describing the backreaction of D3-branes smeared over the finite § 3 at r = 0. 
In particular, we discussed the necessary boundary conditions in the IR for the solution 
to describe a localized D3 source and how these IR boundary conditions lead to the 
constant component of H 3 that was discussed in [07| . These solutions are thus related 



to a small r expansion of a background whose large radius behavior was found in JT2[ 
and is dual to a metastable SUSY breaking state. 

For all of the above solutions, we have assumed the validity of a linearized ap- 
proximation. For a small number D3-branes, it is natural to expect that the linearized 
approximation is valid at least at large distances where the background flux largely 
dominates the effects of the D3, though an extrapolation to larger radii would be 
necessary to confirm this. For small distances, one can ensure that the linearized ap- 
proximation is good for r above some particular value determined by the parameters 
of the solution. The linearized approximation requires, for example that F p <C F^s- 
Using the perturbations of Sec. [3]^ and taking S ~ B ~ y, this gives the condition 
r > S 1 / 3 where S ~ k1 T 3 (Nb3 + N^)/(V 2 g 2 M 2 a' 2 ). Similar or less restrictive con- 
ditions follow by considering the other functions in the perturbation. As discussed 



above, a similar constraint is imposed by demanding that the curvature (|3.15 ) is small 



in string units 13 . Note that for large M, t is allowed to be quite small. For the other 



13 



The additional requirement that h p < hp can be satisfied if e is not too small 
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solutions presented above for which there is not always an obvious boundary condition 
to impose, the validity of the linearized approximation is more difficult to check. 

There are several remaining open lines of research. A particularly important re- 
maining open problem is to find a solution that interpolates between the small and large 
radius regions 14 . Such a solution would be important for many reasons. For example, 
all of the above solutions should admit a dual description as either deformations of 
the KS gauge theory or states in the (possibly deformed) KS gauge theory. Although 
for some of the solutions the field theory interpretation has been studied (for example, 
the dual of the D3 solution was considered in jl2||), analysis of the remaining solutions 
would clearly require extrapolating them to the UV. Additionally, the boundary con- 
ditions discussed in Section [3]4] do not seem to be sufficient to fix all of the integration 
constants. Having a solution that is valid at all distances would allow for a calculation 
of quantities such as the Hawking-Horowitz mass or the asymptotic charge which could 
provide other conditions to fix the integration constants. Finally, an interpolating solu- 
tion would allow for a more precise calculation of the flux-induced gravitino mass and 
similar quantities. Unfortunately, even the linearized equations of motion are likely 
too complex to solve analytically in which case the solution could only be presented 
numerically or formally in terms of integrals, an analysis that we leave for future work. 

The solutions could be improved in other ways. For example, the solutions pre- 



sented in Sections [T2] and |3.3j exhibit curvature singularities as r — > and it is an 
interesting, though difficult, problem to understand the stringy modifications of those 
backgrounds. More modestly, it would be interesting to relax the assumption that the 
solutions retain the same isometry as the KS solution by, for example, not smearing the 
D3-branes over the S 3 15 . One can also consider similar perturbations to the baryonic 
branch solution [|56l |57 . 



Along similar lines, the solution ( [3.12|) , which, for some choice of parameters, would 
describe the effect of D3-branes on the near tip geometry of KS, has been argued to be 
a metastable background However, it would be interesting to use the explicit solu- 
tion to analyze fluctuations about this geometry to confirm the perturbative stability, 
though this would require moving beyond the linearized approximation. 

Our solutions have potential applications to model building in warped compactifi- 
cations. For example, the addition of D3-branes into the warped deformed conifold was 
an important step in the construction of stabilized de Sitter vacua [|I| and in the mod- 
eling of inflation (see [22, 58, |19|, ^0, ^TJ and references therein). It would be interesting 
to understand the impact of the backreaction of the D3-branes on these scenarios. The 



14 As mentioned in the introduction, some progress was made in this direction after this paper was 
completed p7[. 



15 



The localization of thrcc-brancs was considered in fc5f in different context. 
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construction in further inspired the scenario of mirage mediation |59|] and one might 
use the solutions given here to provide a more string theoretical understanding of this 
scheme. 

A related though conceptually distinct application is in the context of gauge-gravity 
duality The large radius solution |T2] was used in |M] as a holographic dual of a 
metastable SUSY breaking state. The large amount of isometry in this large radius 
region was found to suppress gaugino masses in their construction. However, the small 
radius solution presented in Sec. |3l|, has reduced isometry, and should result in more 
significant contributions. Details of the application to holographic gauge mediation will 



be discussed in a companion paper [33 
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A. Conventions 



We work in the type IIB supergravity limit where the bosonic part of the Einstein 
frame action is |Hj 



S 



2k 2 



R - ;«9 M $<9 M $ - ^d M Cd M C 



1 

— < 

2 



An 2 



2x3! 
C 4 A H 3 A F 3 , 



9s e^m 



9s e „p2 



2x3! 



4 x 5!' 



(a.i; 



where we use 



F 3 = dC 2 - CH 3 , F 5 = dC A + B 2 A F 3 = (1 + * 10 ) F s , 2k 2 = (2vr) 7 «' 4 ^, (A.2) 



and the self-duality of F5 is imposed at the level of the equations of motion. The string 
frame metric is related to the Einstein frame metric by gf IN — gie 2 g s MN . 
The equations of motion resulting from ( |A.1|) are 



11 1 

Rmn - -gMNR - -d M $d N ® - -e 2 *d M Cd N C 



9s 



2x2 

-,2 



„-* TT TT R1R2 

■e n MRlR2 n N 



9 s a f 1 



2x2! 



TP TP R i R 2 

e r MRlR2 P N 



9: 



4x4! 



17 77 R1R2R3R4 

" MR\ R.2 R3 R4^N 



+ -^9mn 



i ( ^ + ^w + 2x3! 



2x3! 



4x5!' 



V 2 $-e 2<J> (<9 M Cy + 



2 , £ s e~ 



2x3! 



#1 - e 2 *F| 



d * (e-*# 3 - Ce*F 3 j + g s F 5 A F 3 = 0, 

d* (e*F 3 ) - g s F 5 A F 3 = 0, 
d * F 5 - # 3 A F 3 = 0. 



= 0, 
(A.3a) 

(A.3b) 

(A.3c) 

(A.3d) 
(A.3e) 



Note that imposing the self-duality of F 5 implies F 2 = 0. With the ansatz fl2.1|) , ( p.2|) , 
and taking I = f (1 — F) + kF, the Bianchi identity for F 5 is automatically satisfied. 
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With this ansatz, the equations for H 3 ( |A.3c|) can be written 



P -(k-f)- 9sM2a ' 2 



Ah 2 



qs 



pq 



2h 



ip g s M 2 a' 2 fpiF _ 



(A.4a) 
(A.4b) 



while the equation for F 3 ( |A.3d| ) is 



3-1,-1 



dr 



e 9 h 



-F' 



e ip 



2h 



'l-F) S --F q - 

1 q s 



glM 2 a' 2 
8h 2 



!p *(k - f) 
b qs 



0. (A.5) 



The bosonic and fermionic actions together are invariant under the supersymmetric 
transformations for the gravitino and dilatino A, 



5^ 



M 



-D M e + i- 



/g s e 



<f>/2 



96 



(r 



R1R2R3 



M 



G 



R1R2R3 



9T RlR2 G 



MR1R2 



, ■ 9s ^RzRsRt p 

+ ^^92 MR^RsRi 6 , 



5\ = ^ R (ie*d R C + d R *) e* - ^T R d R Ce + ^^V R ^G RM e, 
together with accompanying bosonic transformations. Here, 

G 3 = F 3 -r ad H 3 , F 3 = dC 2 , r ad = C + ie~®. 



(A.6a) 
(A.6b) 

(A.7) 



We can use these transformations to check if supersymmetry is respected by the 
solution. Using the ansatz fl2.1|) , ( p.2|) , the supersymmetry conditions 5^m = SX = 
imply 



l-F-g s e-*J- q -f=0, F-g s e-*J~~k' = 0, F' - %e~* Mk - f) = 0, 



p s 



pq 



(A.8) 



which impose that the flux G 3 is imaginary-self-dual (ISD). One can further show that 
supersymmetry requires that the flux be a primitive (2, l)-form. The variation for the 
gravitino ( |A.6a| ) requires the warp factor to be related to F$, 



ti 



{g s Ma 



A2 



P 

qs V b 



(A.9) 
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This condition implies that the BPS condition equates the tension and charge of 3- 
branes added to the geometry. 

The conifold and its related geometries make use of the angular 1-forms 



ei = — sin 9id(f)i, e% = d6\, e% = cosip sin 9 2 d<p 2 — sin ipd8 2 , 
e4 = sin -0 sin 9 2 d<f)2 + cos ipd9 2 , e$ = dip + cos 9\d(pi + cos 9 2 d(fi 2 . 



In terms of these it is also useful to define [pi 
ei - e 3 



91 V2 
which satisfy 



92 



e 2 - e 4 



V2 



93 



ei + e 3 
v/2 ' 



#4 



e 2 + e 4 



95 = e 5 , 



A + 5-2 A # 4 ) = 5-5 A (5-1 A g 2 - g 3 A 5-4), 
%i A 5-2 - ffs A 5-4) = -flte A (5-1 A #3 + #2 A 5-4), 
%i A 02 + #3 A 5-4) = 0, 

A pi A g 2 = dg 5 A g 3 A 5-4 = 0, 
%5 A 01 A 2 ) = <%5 A 03 A 4 ) = 0. 



(A.10) 



(A.ll) 



(A.12) 



B. Complex Coordinates 

The angular coordinates and radial coordinate of the deformed conifold are related to 
the complex coordinates Zi by p2 

W=L 1 .W 'li=( Z * + iZ * Zl ~' Z . 2 ), (B.la) 

\Zl + iz 2 -z 3 + IZiJ 

Li = ^sin|e^-^)/ 2 cos|V^+^)/ 2 J' W ° = [ee^/ 2 J' (Rlb) 
and the Zi satisfy 

X>W. (B.2) 

i=l 

The angles ^ always appear in the combination ip = ipx -\- ijj 2 . F° r £ 7^ 0, r is defined 
by 



4 1 

R 2 = z i*i = 2 Tr ( W ' Wt ) = £2 cosh r ' ( B - 3 ) 



i=l 
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The deformed conifold metric can be written as |62| 



dsl =didjF dzidzj 

= ^F"(R 2 ) |Tr (WUW) | 2 + i F\R 2 ) Tr (dWUw) 

= — iJijdzidzj, (B.4a) 



where 



J =jdc(r)(g 2 A g 3 + g 4 A g x ) + dj dc (r) A 5-5, 
^'(i? 2 ) =e~f K(r), 

J dc (r)=^-smhrT'(R 2 ), (B.4b) 

and where ' indicates a derivative with respect to R 2 and J is the almost complex 
structure. 

It is convenient to write G3 in terms of these complex coordinates. Following [63|, 
we consider the 5*0(4) invariant 1-forms and 2-forms 

£1 = Z{dz{, £2 = Zidzi, 

Vi = tijkiZiZjdzk A dzi, 7] 2 = e ijk iZiZjdz k A dz h 773 = e ijk iZiZjdz k A dz h 

r)4 = (zidzj) A (zjdzj), 775 = dzi A dz^. (B.5) 

In terms of these, 

1 i 

dr = Uidzi + Zidzi) , g 5 = . (zidzi - ZidzA , (B.6a) 

e z sinn r £ smh r 

i ( 1 + cosh r) , _ _ _ \ 

* A 92 = 2eWr £ ^ t 2 *^ A ^ - A dZl - ^ A ^ ' 

(B.6b) 

)> 

(B.6c) 

#i A # 3 + # 2 A 94 = , . , 2 ^jfe* {-ZiZjdzk A ctej + ZjZj-dz*. A d^) , (B.6d) 
e 4 smh r 

2z cosh t 2z 

#2 A p 3 + c? 4 A g 1 = 3 (zjdzA A (zidzA + dz { A dz { . (B.6e) 

£ 4 smh r £ 2 smh r 



i tanh £ , _ _ , 

93 A 5-4 = r-: . .9 tijkilZziZjdzk A cZzj + z^d^ A dzj + z^c^ A dzH 
zrsmn r 



- 34 - 



The other remaining 1-forms cannot be as easily written in terms of the complex 
coordinates. However, we find 



2 , 2 

9i +9 2 



2 i 2 
93+94 



2e 4 sinh 2 (r/2) sinri r 



1 

2£ 4 cosh 2 (T/2)sinh 2 r 



[(z ■ dz) 2 + (z ■ dz) 2 + 2 coshr(z • dz){z ■ dz) 

+e 2 sinh 2 r(dz ■ dz + dz ■ dz — 2dz ■ dz)] , 
[(z • dz) 2 + [z ■ dz) 2 — 2 cosh r {z ■ dz) (z ■ dz) 



+e 2 sinh 2 r(dz ■ dz + dz ■ dz + 2dz ■ dz)~\ . (B.7a) 
In terms of these complex coordinates 



G 



(3,0) 



G 



(0,3) 



Ma' 



Ma' 



tanh| 1+coshr 
1 - F) 4 F 



F' 



2 sinlr r 



2 sinh 4 r sinh 3 



+9 s e~ 



„. 1 + cosh r , . tanh \ 
-f + k' 



2 sinh r 



+ 



r 



2 sinh 13 r 2 sinh r 



6 A 7/2, 



fB.8a) 



tanh ^ 1 + cosh r F' 



2 sinh 3 r 



1 + cosh r , . tanh § 



2 sinh 4 r sinh 3 r 
k - f 



2 sinh r 



+ 



2 sinh 3 t 2 sinh 3 r 



6 A 7/3. (B.8b) 



For the KS solution (|2.4j) , these components vanish since each of the terms in braces 
vanishes independently. The remaining components of G3 are 



-(2,1) _ Ma ' 
&3 



G 



(1.2) 



Ma' 



2e 6 



2(a^ + a+)£i A 7/1 + (a x 
|2(ai +a 2 )£ 2 At/i + (a+ 



a 2 Q3 



)6 At/2 



02 ~ a 3)^i A 7/3 



(B.9a) 
(B.9b) 



where we have defined 



tanh ■ 



at It) 



On r 



a, r 



2 sinh 3 r 
1 + cosh T 



(±(l-F)+g s e-*k') 



2 sinh t 



(±F + g,e-*f) 



sinh r \ 



+F' + g s e 



(B.lOa) 
(B.lOb) 
(B.lOc) 



For the KS solution, the only non-vanishing term is the (2, l)-form. The 3-form flux 
for the KS solution can also be shown to satisfy the primitivity condition G3 A J = 0. 
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In calculating the gravitino mass, we make use of the holomorphic (3, 0)-form of 
the deformed conifold. Explicitly |j4|, ^7], |65| , 



e 2 

^ = loVl ^~ A ^ + 92 A ^ + 1 C ° Sh A ^ ~ 93 A 94 

A32 + 53A # 4 )] A (dr + ig s ) 

1 



(tijkiZiZjdzk A cte z ) A (z m dz m ). (B.H) 



4^3 e 4 sinh 2 r 

f2 is normalized so that A n/||fi|| 2 = ivole with ||fi|| 2 = f2yfcO yfc /3! = 1 where 
the indices are contracted with the unwarped metric. The holomorphic 3-form and 



the almost complex structure ( p.4b|) satisfy the algebraic constraints Q A Q = —-^J 



3 

48" ' 



J A f2 = and the sourceless calibration conditions, dVt = dJ = d(J A J) = 0. 

Some of these expressions simplify if we adopt an alternative basis of holomorphic 
1-forms, 

T T 

dZ\ = dr + ig§, dZ 2 = g\ — i coth — g^, dZ 3 = g 3 — i tanh — g 2 . (B.12) 
In these coordinates, G 3 is 

G 3 = 5— [4 (sinh r — r cosh r)dZi A dZ 2 A dZ 3 

16 sinh r 

+ (sinh 2r - 2r) (dZ 2 A dZ 1 A dZ 3 + dZ 3 A dZ 1 A dZ 2 )] , (B.13a) 

while the holomorphic 3-form and metric for the deformed conifold are 

e 2 

Q = -= sinh r dZ 1 A dZ 2 A dZ 3 , (B.13b) 

16y3 

£ 4/3 _ £ 4/3_^ r _ £ 4/3 K T 

dsl =-^-^dZ 1 dZ 1 H - — sinh - dZ 2 dZ 2 H - — cosh - dZ 3 dZ 3 (B.13c) 

where K is defined in (12.4!) . 



References 

[1] S. Kachru, R. Kallosh, A. D. Linde, and S. P. Trivedi, de Sitter vacua in string theory, 



Phys. Rev. D68 (2003) 046005, flhep-th/0301240 



[2] C. P. Burgess, R. Kallosh, and F. Quevedo, de Sitter String Vacua from 
Supersymmetric D-terms, JEEP 10 (2003) 056, flhep-th/0309l87| . 



- 36 - 



E. Silverstein, Simple de Sitter Solutions, Phys. Rev. D77 (2008) 106006, 
|arXiv: 0712 .1196 1. 



M. P. Hertzberg, S. Kachru, W. Taylor, and M. Tegmark, Inflationary Constraints on 
Type IIA String Theory, JHEP 12 (2007) 095, |arXiv:0711.2512| . 



S. S. Haque, G. Shiu, B. Underwood, and T. Van Riet, Minimal simple de Sitter 



solutions, Phys. Rev. D79 (2009) 086005, l |arXiv: 0810 .5328 



U. H. Danielsson, S. S. Haque, G. Shiu, and T. Van Riet, Towards Classical de Sitter 



Solutions in String Theory, JHEP 09 (2009) 114, [arXiv : 0907 . 2041 



C. Caviezel et. at, On the Cosmology of Type IIA Compactifications on Sub- 
structure Manifolds, JHEP 04 (2009) 010, 



arXiv: 0812. 3551 



R. Flauger, S. Paban, D. Robbins, and T. Wrase, Searching for slow-roll moduli 
inflation in massive type IIA supergravity with metric fluxes, Phys. Rev. D79 (2009) 



086011, arXiv: 0812. 3886 



B. de Carlos, A. Guarino, and J. M. Moreno, Flux moduli stabilisation, Supergravity 
algebras and no-go theorems, JHEP 01 (2010) 012, |arXiv: 0907 . 5580fl . 



I. R. Klebanov and M. J. Strassler, Supergravity and a confining gauge theory: Duality 
cascades and xSB-resolution of naked singularities, JHEP 08 (2000) 052, 



hep-th/000719l[l 



S. Kachru, J. Pearson, and H. L. Verlinde, Brane/Flux Annihilation and the String 
Dual of a Non- Super symmetric Field Theory, JHEP 06 (2002) 021, |hep-th/0112197 



0. DeWolfe, S. Kachru, and M. Mulligan, A Gravity Dual of Metastable Dynamical 
Supersymmetry Breaking, Phys. Rev. D77 (2008) 065011, flarXiv : 0801 . 152d|| . 

1. R. Klebanov and A. A. Tseytlin, Gravity Duals of Supersymmetric 
SU(N) x SU(N + M) Gauge Theories, Nucl. Phys. B578 (2000) 123-138, 
||hep-th/0002159|l . 

P. G. Camara, L. E. Ibahez, and A. M. Uranga, Flux-induced SUSY-breaking soft 



terms, Nucl. Phys. B689 (2004) 195-242, flhep-th/0311241 



P. G. Camara, L. E. Ibahez, and A. M. Uranga, Flux-induced SUSY-breaking soft terms 
on D7-D3 brane systems, Nucl. Phys. B708 (2005) 268-316, [|hep-th/0408036|. 



M. Graha, T. W. Grimm, H. Jockers, and J. Louis, Soft Supersymmetry Breaking in 
Calabi-Yau Orientifolds with D-branes and Fluxes, Nucl. Phys. B690 (2004) 21-61, 
|hep-th/0312232|l . 



-37- 



D. Lust, S. Reffert, and S. Stieberger, MSSM with soft SUSY breaking terms from 



Dl-branes with fluxes, Nucl. Phys. B727 (2005) 264-300, jhep-th/0410074H 



A. D. Linde, Inflation and string cosmology, ECONF C040802 (2004) L024, 
|hep-th/0503195(| . 



J. M. Cline, String cosmology, |hep-th/0612129 



R. Kallosh, On Inflation in String Theory, Led. Notes Phys. 738 (2008) 119-156, 
|hep-th/0702059| ]. 

C. P. Burgess, Lectures on Cosmic Inflation and its Potential Stringy Realizations, PoS 
P2GC (2006) 008, [|arXiv:0708.2865|1 . 



L. McAllister and E. Silverstein, String Cosmology: A Review, Gen. Rel. Grav. 40 



(2008) 565-605, [arXiv:0710.2951 



D. Baumann and L. McAllister, Advances in Inflation in String Theory, Ann. Rev. 



Nucl. Part. Sci. 59 (2009) 67-94, [|arXiv: 0901 .0265 



L. A. Pando Zayas and A. A. Tseytlin, 3-branes on resolved conifold, JHEP 11 (2000) 
028, [)iep-th/0010088[| . 



G. Papadopoulos and A. A. Tseytlin, Complex geometry of conifolds and 5-brane 
wrapped on 2- sphere, Class. Quant. Grav. 18 (2001) 1333-1354, |hep-th/0012034 l 



V. Borokhov and S. S. Gubser, N on- super symmetric deformations of the dual of a 
confining gauge theory, JHEP 05 (2003) 034, |iep-th/0206098 |. 



S. Kuperstein and J. Sonnenschein, Analytic non- super symmetric background dual of a 
confining gauge theory and the corresponding plane wave theory of hadrons, JHEP 02 
(2004) 015, ||hep-th/030901l| . 



R. Apreda, Non supersymmetric regular solutions from wrapped and fractional branes, 
|hep-th/0301118| . 

M. Schvellinger, Glueballs, symmetry breaking and axionic strings in non- 
super symmetric deformations of the Klebanov-Strassler background, JHEP 09 (2004) 
057, [Eiep-th/0407152 1. 



M. Berg, M. Haack, and W. Mueck, Bulk dynamics in confining gauge theories, Nucl. 
Phys. B736 (2006) 82-132, |iep-th/0507285l . 



M. Berg, M. Haack, and W. Muck, Glueballs vs. gluinoballs: Fluctuation spectra in 



non-AdS/non-CFT, Nucl. Phys. B789 (2008) 1-44, [jhep-th/061222l . 



- 38 - 



A. Dymarsky, D. Melnikov, and A. Solovyov, I-odd sector of the Klebanov-Strassler 
theory, JHEP 05 (2009) 105, |arXiv:0810.5666|| . 



P. McGuirk, G. Shiu, and Y. Sumitomo, Holographic gauge mediation via strongly 



coupled messengers, Phys. Rev. D81 (2010) 026005, flarXiv: 0911 . 0019 



F. Benini, A. Dymarsky, S. Franco, S. Kachru, D. Simic, and H. Verlinde, Holographic 
Gauge Mediation, JHEP 12 (2009) 031, jarXiv : 0903 . 0619( |. 



S.-J. Rey and J.-T. Yee, Macroscopic strings as heavy quarks in large N gauge theory 
d anti-de Sitter supergravity, Eur. Phys. J. C22 (2001) 379-394, jhep-th/9803001 



an 



J. M. Maldacena, Wilson loops in large N field theories, Phys. Rev. Lett. 80 (1998) 
4859-4862, ]hep-th/9803002 l. 



I. Bena, M. Graha, and N. Halmagyi, On the Existence of Meta-stable Vacua in 
Klebanov- Strassler, jarXiv : 0912 . 3519 . 



C. P. Herzog, I. R. Klebanov, and P. Ouyang, D-branes on the conifold and N = 1 



gauge / gravity dualities, hep-th/0205100 



P. Brax, G. Mandal, and Y. Oz, Supergravity description of non-BPS branes, Phys. 



Rev. D63 (2001) 064008, flhep-th/0005242 



S. W. Hawking and G. T. Horowitz, The Gravitational Hamiltonian, action, entropy 



and surface terms, Class. Quant. Grav. 13 (1996) 1487-1498, [gr-qc/9501014fl. 



S. Hawking, Gravitational radiation in an expanding universe, J. Math. Phys. 9 (1968) 
598-604. 

S. A. Hayward, Quasilocal gravitational energy, Phys. Rev. D49 (1994) 831-839, 
|gr-qc/9303030[| . 

S. B. Giddings, S. Kachru, and J. Polchinski, Hierarchies from fluxes in string 
compactifications, Phys. Rev. D66 (2002) 106006, [frep-th/0105097|l . 



M. Graha, Flux compactifications in string theory: A comprehensive review, Phys. 



Rept. 423 (2006) 91-158, flhep-th/0509003 |. 



O. DeWolfe and S. B. Giddings, Scales and hierarchies in warped compactifications and 
brane worlds, Phys. Rev. D67 (2003) 066008, [ |hep-th/0208123| ]. 



M. Graha and J. Polchinski, Gauge / gravity duals with holomorphic dilaton, Phys. 



Rev. D65 (2002) 126005, flhep-th/0 106014 



S. Gukov, C. Vafa, and E. Witten, CFT's from Calabi-Yau four-folds, Nucl. Phys. 



B584 (2000) 69-108, |hep-th/9906070 |. 



- 39 - 



[48] S. B. Giddings and A. Maharana, Dynamics of warped compactifications and the shape 
of the warped landscape, Phys. Rev. D73 (2006) 126003, [|hep-th/0507158|1 . 



[49] 
[50] 
[51] 
[52] 
[53] 
[54] 
[55] 
[56] 

[57] 



G. Shiu, G. Torroba, B. Underwood, and M. R. Douglas, Dynamics of Warped Flux 



Compactifications, JEEP 06 (2008) 024, JarXiv: 0803 .3068 ], 

M. R. Douglas and G. Torroba, Kinetic terms in warped compactifications, JEEP 05 



(2009) 013, larXiv:0805.3700 |. 

A. R. Frey, G. Torroba, B. Underwood, and M. R. Douglas, The Universal Kaehler 
Modulus in Warped Compactifications, JEEP 01 (2009) 036, 



arXiv: 0810. 5768 



F. Marchesano, P. McGuirk, and G. Shiu, Open String Wavefunctions in Warped 



Compactifications, JEEP 04 (2009) 095, JarXiv : 0812 . 2247| . 

L. Martucci, On moduli and effective theory of N=l warped flux compactifications, 



JEEP 05 (2009) 027, jarXiv: 0902. 4031 ]. 

H.-Y. Chen, Y. Nakayama, and G. Shiu, On D3-brane Dynamics at Strong Warping, 



arXiv: 0905. 4463 



I. R. Klebanov and A. Murugan, Gauge/Gravity Duality and Warped Resolved 
Conifold, JEEP 03 (2007) 042, jhep-th/070T064| . 

A. Butti, M. Graha, R. Minasian, M. Petrini, and A. Zaffaroni, The baryonic branch of 
Klebanov- Strassler solution: A supersymmetric family of SU(3) structure backgrounds, 



JEEP 03 (2005) 069, flhep-th/04 12187 



J. Maldacena and D. Martelli, The unwarped, resolved, deformed conifold: fivebranes 
and the baryonic branch of the Klebanov- Strassler theory, JEEP 01 (2010) 104, 



arXiv: 0906. 0591 



[58] S. H. Henry Tye, Brane inflation: String theory viewed from the cosmos, Lect. Notes 
Phys. 737 (2008) 949-974, jhep-th/0610221 ]. 

[59] K. Choi, K. S. Jeong, and K.-i. Okumura, Phenomenology of mixed modulus- anomaly 
mediation in fluxed string compactifications and brane models, JEEP 09 (2005) 039, 



hep-ph/0504037 ], 

J. Polchinski and M. J. Strassler, The string dual of a confining four- dimensional gauge 



[6o; 

[61] R. Minasian and D. Tsimpis, On the geometry of non-trivially embedded branes, Nucl. 



theory, hep-th/0003136 



Phys. B572 (2000) 499-513, jhep-th/9911042 1. 



- 40 - 



[62] P. Candelas and X. C. de la Ossa, Comments on Conifolds, Nucl. Phys. B342 (1990) 
246-268. 

[63] C. P. Herzog, I. R. Klebanov, and P. Ouyang, Remarks on the warped deformed 



conifold, hep-th/0108101 



[64] A. Dymarsky, Warped Throat Solutions in String Theory and Their Cosmological 
Applications. PhD thesis, Princeton University, 2007. 

[65] A. Dymarsky, Flavor brane on the baryonic branch of moduli space, JHEP 03 (2010) 
067, RstrXiv: 0909.3083 1. 



- 41 - 



